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Introduction {#jah31662-sec-0005}
============

Cardiac remote ischemic preconditioning (RIPC) is a phenomenon whereby transient nonlethal ischemia episodes applied to a tissue remote from the heart protect the myocardium from ischemia--reperfusion (I/R) injury.[1](#jah31662-bib-0001){ref-type="ref"}, [2](#jah31662-bib-0002){ref-type="ref"}, [3](#jah31662-bib-0003){ref-type="ref"} Using transient limb ischemia as a stimulus, RIPC has emerged as an attractive strategy in several clinical settings posing the risk of cardiac I/R damage.[4](#jah31662-bib-0004){ref-type="ref"}, [5](#jah31662-bib-0005){ref-type="ref"} Despite intensive research, the actual protective mechanisms underlying RIPC remain unknown, yet a well‐accepted theory holds that a neural pathway to the remote organ and blood‐borne factors are involved, which activate the survival signaling pathways in the target organ or tissue.[6](#jah31662-bib-0006){ref-type="ref"}, [7](#jah31662-bib-0007){ref-type="ref"}

Several studies have suggested that endogenous factors are implicated in protective mechanisms, such as adenosine,[8](#jah31662-bib-0008){ref-type="ref"} endocannabinoids,[9](#jah31662-bib-0009){ref-type="ref"} bradykinin,[10](#jah31662-bib-0010){ref-type="ref"} opioids,[11](#jah31662-bib-0011){ref-type="ref"} erythropoietin,[12](#jah31662-bib-0012){ref-type="ref"} microvesicles,[13](#jah31662-bib-0013){ref-type="ref"} apolipoprotein A‐I,[14](#jah31662-bib-0014){ref-type="ref"}, [15](#jah31662-bib-0015){ref-type="ref"} miRNA 144,[16](#jah31662-bib-0016){ref-type="ref"} nitrite,[17](#jah31662-bib-0017){ref-type="ref"}and stromal‐derived factor 1α.[18](#jah31662-bib-0018){ref-type="ref"} However, the humoral factors that mediate RIPC have yet to be identified.

Small metabolites, such as lipids, sugars, carnitines, and amino acids, could be good candidates for the protective responses triggered by RIPC. Indeed, they have not only structural or energetic functions but they could also act on receptors located in the plasmatic membrane or cytoplasm, thereby inducing cellular response.[19](#jah31662-bib-0019){ref-type="ref"}, [20](#jah31662-bib-0020){ref-type="ref"}, [21](#jah31662-bib-0021){ref-type="ref"}

Metabolomic approaches enable the identification of metabolic signatures of specific physiological and pathological conditions. We therefore hypothesized that metabolic fingerprints induced by RIPC may enable the identification of RIPC metabolic biomarkers and thus potential protective molecules.

Materials and Methods {#jah31662-sec-0006}
=====================

The experimental protocol was divided into 4 stages (Figure [1](#jah31662-fig-0001){ref-type="fig"}). In the first stage, we analyzed the cardioprotective effects of RIPC in a rat model of I/R injury. The second stage was an exploratory phase to detect which molecules were associated with RIPC by means of a targeted metabolomic approach in the same rat model. The third stage was a confirmatory phase conducted in humans in order to validate the results obtained in rats. In the final stage, we injected rats with the metabolites associated with RIPC found in both rat and human plasma in order to test their ability to protect the heart against I/R injury.

![Experimental protocol. A, Cardioprotective effects of remote ischemic preconditioning (RIPC). In the myocardial infarction (MI) group, rats were subjected to 40 minutes of coronary occlusion followed by 120 minutes of reperfusion (n=8). In the RIPC+MI group (n=8), rats were subjected to RIPC achieved by a vascular clamp placed on the upper right femoral artery in order to induce 4 cycles of 5‐minute limb ischemia, interspersed with 5‐minute limb reperfusion before MI. Infarct size was assessed using 2,3,5‐triphenyltetrazolium chloride (TTC) staining. B, Schematic overview of experimental protocols applied for metabolomic analysis. In the exploratory stage, 20 rats were subjected to RIPC or a control procedure (exposure of upper right femoral artery without clamping). Blood was sampled immediately after the RIPC procedure in the RIPC group or 40 minutes after exposure of the femoral artery in the Control group. A targeted metabolomics analysis was conducted in order to find which metabolites potentially participate in the protection conferred by RIPC. In the confirmatory analysis, a set of 50 patients were subjected to RIPC achieved by 3 cycles of 5‐minute inflation to 200 mm Hg and 5‐minute deflation of an automated upper‐arm cuff inflator. Blood was sampled before and after RIPC. Based on the results of the exploratory analysis, amino acid chromatography was conducted on these samples in order to confirm changes of these metabolites in humans. C, Administration of potentially cardioprotective metabolites found in (B). MI was induced in rats as described in (A). In the treated groups (n=39), metabolites alone or in combination were injected intraperitoneally 10 minutes before coronary occlusion. In the Vehicle+MI group, rats received vehicle only intraperitoneally (n=12).](JAH3-5-e003891-g001){#jah31662-fig-0001}

Animal Studies {#jah31662-sec-0007}
--------------

All the experiments were approved by our regional ethics committee governing animal experimentation in the Loire region: "Comité Régional d\'Ethique pour l\'Expérimentation Animale‐Pays de la Loire" (CEEA.2012.50). The myocardial I/R injury and RIPC methods used have been described in a previous publication.[15](#jah31662-bib-0015){ref-type="ref"}

Male Wistar rats, 8‐ to 10‐weeks old, were randomly assigned to 1 of the following groups (Figure [1](#jah31662-fig-0001){ref-type="fig"}): *MI group*, where rats were subjected to 40 minutes of myocardial ischemia (MI) followed by 2 hours (H) of reperfusion without any further intervention (n=8); *RIPC+MI group*, rats were subjected to RIPC immediately before MI, with RIPC achieved using a vascular clamp placed on the upper right femoral artery in order to induce 4 cycles of 5‐minute limb ischemia interspersed with 5‐minute limb reperfusion (n=8); *RIPC group*, consisting of RIPC only (n=10); *Control group*, where the upper right femoral artery was exposed but not clamped (n=10); *Metabolites+MI group*, with intraperitoneal injection of a cocktail of metabolites (glycine and kynurenin) 10 minutes before MI (n=13); *Kyn+MI* and *Gly+MI groups*, with intraperitoneal injection of kynurenin (n=13) or glycine (n=13), respectively, 10 minutes before MI; and *Vehicle+MI group*, with intraperitoneal injection of the vehicle 10 minutes before MI (n=12).

Area at risk (AAR) was expressed as a percentage of the area of the entire left ventricle (LV) and infarct size was calculated as a percentage of the AAR.

EDTA‐treated plasma samples were collected immediately after the RIPC procedure in the RIPC group and 40 minutes after exposition of the femoral artery in the Control group, then stored at −80°C until commencing metabolomic analysis.

Human Study {#jah31662-sec-0008}
-----------

The Angers University Hospital ethics committee approved the protocol and the study was conducted in accordance with the Helsinki Declaration and French law. All participants provided written informed consent before being included in the study. The study was registered at [ClinicalTrials.gov](http://ClinicalTrials.gov) (Identifier: NCT01390129).

A total of 50 patients scheduled for elective aortic valve replacement because of aortic valve stenosis underwent RIPC under anesthesia prior to cardiac surgery. The exclusion criteria were as follows: combined surgery with another valve or coronary artery bypass graft, emergency surgery, coronary stenosis \>70%, left ventricular ejection fraction \<35%, history of MI, coronary revascularization, and preoperative treatment with nicorandil, metformin, or sulfonylurea within 8 days before surgery. RIPC was achieved by 3 cycles of 5‐minute inflation to 200 mm Hg and 5‐minute deflation of an automated upper‐arm cuff inflator. EDTA plasma samples were collected in every patient before and immediately after RIPC and stored at −80°C until analysis (Figure [1](#jah31662-fig-0001){ref-type="fig"}).

LC‐MS‐/MS‐Targeted Metabolomic Analysis {#jah31662-sec-0009}
---------------------------------------

We applied a targeted quantitative metabolomic approach to analyze the rat plasma samples using the Biocrates Absolute*IDQ* ^®^ p180 kit (Biocrates Life Sciences AG, Innsbruck, Austria). This kit covers endogenous metabolites playing pleiotropic roles in bioenergetics metabolism, cell signaling, and cell structures and previously involved in numerous diseases including cardiovascular ones.[22](#jah31662-bib-0022){ref-type="ref"}, [23](#jah31662-bib-0023){ref-type="ref"}

This kit was used in combination with a QTRAP 5500 (AB SCIEX, Toronto, Canada) mass spectrometer, enabling the quantification of up to 188 different endogenous molecules, including acylcarnitines, amino acids, biogenic amines, glycerophospholipids, sphingolipids, and sugars ([http://www.biocrates.com/products/research-products/absoluteidq-p180-kit](http://www.biocrates.com/products/research-products/absolu)). Flow‐injection analysis (flow‐injection analysis--mass spectrometry (MS)/MS) was used for quantifying acylcarnitines, glycerophospholipids, sphingolipids, and sugar, while liquid chromatography (LC) was employed to separate out amino acids and biogenic amines prior to MS detection (LC‐MS/MS). This kit enables the quantification of a large amount of metabolites using only a small sample volume and exhibits good analytical performance that can be monitored on each run by 3 levels of quality controls.

The samples were prepared according to the kit user manual. Briefly, 10 μL of plasma for each sample was added to the center of the filter placed on the upper wall of the well in a 96‐well plate. Metabolites were then extracted in a methanol solution using ammonium acetate after drying the filter spot under nitrogen flow and derivatization with phenylisothiocyanate for amino acids and biogenic amine quantification. Finally, the extracts were diluted with MS running solvent prior to flow‐injection analysis and LC‐MS/MS analysis.

Amino Acid Chromatography {#jah31662-sec-0010}
-------------------------

Amino acid chromatography was performed on the human plasma samples using an UptiSphere BP2 chromatography column. A total of 49 amino acids and amino acid----derived molecules can be detected and quantified by means of an API 3000 Triple Quadrupole Mass Spectrometer (AB Sciex^®^).

Statistical Analysis {#jah31662-sec-0011}
--------------------

The bilateral Student *t* test was used to compare metabolite concentrations and abundances. When more than 2 group means were compared, an ANOVA was used after verifying homoscedasticity and Gaussian distribution of the concerned variable. When the ANOVA null hypothesis was rejected, post‐hoc least‐square difference test was used in pairwise mean comparison. For comparison of data obtained from the same sample, the paired Student *t* test was employed. In paired data, the mean difference for each metabolite represents the mean of the difference (after RIPC−before RIPC) calculated over all the subjects. When the normal distribution or ratios between 2normally distributed variables could not be reasonably assessed, the nonparametric Mann--Whitney test or its version for paired data were used for means comparison, respectively. A *P*\<0.05 was considered statistically significant, unless otherwise mentioned. Univariate analyses were conducted using R software, Version 3.1.1 (R Core Team, Vienna, Austria).

All data were unit variance--scaled prior to multivariate statistical analysis. Principal component analysis score plot was conducted to detect grouping of similar animals and outliers according to metabolite concentration (X matrix). An orthogonal partial least‐squares discriminant analysis, a supervised pattern‐recognition method, was also performed to maximize the variation between groups and determine the most significant variables contributing to this variation. The quality of models was validated by determining *R*² (goodness‐of‐fit parameter) and Q² (goodness‐of‐prediction parameter) values. Models with poor predictive capabilities (Q²\<0.5) were not retained. The model with the best predictive capabilities, ie, the highest Q² value, was selected based on the variable importance for the projection (VIP) and coefficient values. VIP values summarize the importance of each variable for the orthogonal partial least‐squares discriminant analysis model, while coefficient values summarize the relationship between the Y (RIPC/Control) and X (matrix of measured metabolites) variables. Coefficient values are very similar to coefficients obtained from multiple regression analysis. By plotting VIP versus coefficient values ("volcano" plot), the significant variables of orthogonal partial least‐squares discriminant analysis models can be detected and selected. The multivariate data analysis was conducted using SIMCA‐P software 13.0 (Umetrics, Umeả, Sweden).

Results {#jah31662-sec-0012}
=======

RIPC‐Induced Cardioprotection {#jah31662-sec-0013}
-----------------------------

While the AAR was not significantly different between the MI (n=8) and RIPC+MI (n=8) groups (30.6±1.7% and 32.8±1.5%, respectively, *P*=0.34), infarct size was significantly smaller in the RIPC+MI group compared to the MI group (34.5±2.3% and 42.5±2.4%, respectively, *P*=0.03) (Figure [2](#jah31662-fig-0002){ref-type="fig"}).

![Cardioprotective effects of remote ischemic preconditioning (RIPC) in rats. Bar graph showing infarct size, expressed as area of necrosis (AN) percentage of area at risk (AAR), and AAR as a percentage of left ventricle (LV) area. Results are given as mean±SEM (\**P*\<0.05).](JAH3-5-e003891-g002){#jah31662-fig-0002}

LC‐MS/MS Targeted Metabolomic Analysis {#jah31662-sec-0014}
--------------------------------------

Plasma samples from both the RIPC (n=10) and control (n=10) groups were analyzed using the Absolute*IDQ* ^®^ p180 kit.

All 6 groups of molecules measured in the kit, namely acylcarnitines, amino acids, biogenic amines, glycerophospholipids, sphingolipids, and sugars, were examined. The difference between the mean concentrations of each group of rats was not statistically significant for any of the 6 families. Similarly, RIPC/Control ratios were close to 1 for the 6 groups of molecules. Principal component analysis score plot revealed no outliers, yet could not distinguish RIPC from Control samples (Figure [3](#jah31662-fig-0003){ref-type="fig"}A). However, a model obtained using the supervised orthogonal partial least‐squares discriminant analysis method fitted our data well (*R* ^2^X=0.66, *R* ^2^Y=0.995). This model differentiated RIPC samples from Control with good predictive capabilities (Q²=0.61) (Figure [3](#jah31662-fig-0003){ref-type="fig"}B). The most discriminatory metabolites in group separation, based on the VIP and coefficient values or volcano plot, have been presented in Figure [4](#jah31662-fig-0004){ref-type="fig"}A. Ornithine, kynurenine, spermine, glycine, carnosine, and serotonin all exhibited the highest VIP values (2.04, 2.00, 1.94, 1.93, 1.86, and 1.80, respectively). The correlation between ornithine and RIPC was negative (coefficient value: −0.17), whereas kynurenine, spermine, glycine, carnosine, and serotonin correlated positively with RIPC (coefficient values: 0.22, 0.18, 0.23, 0.17, and 0.14, respectively).

![Principal component analysis (PCA) (A) and orthogonal projection to latent structures discriminant analysis (OPLS‐DA) (B) of the rat cohort. On the PCA, the first principal plan, defined by the first 2 principal components (PC 1 and 2), did not show a clear separation between the remote ischemic preconditioning (RIPC) (closed circles, •) and control (open circles, ○) groups. There were no outliers, according to PCA. However, the OPLS‐DA model was able to make a clear distinction between both groups (*R* ^2^Y=0.995, Q²=0.61). In the OPLS‐DA model, the first latent variable takes into account intergroup variability.](JAH3-5-e003891-g003){#jah31662-fig-0003}

!["Volcano" plot of the orthogonal projection to latent structures discriminant analysis OPLS‐DA model (A) and bar graph comparing the mean concentration (±SEM) of the Control (n=10) and remote ischemic preconditioning (RIPC) (n=10) groups for the top 6 discriminating molecules (B). A, In the volcano plot, the *x*‐axis represents the coefficient of the regression between the X (metabolites) and Y (response) matrices, while the variable importance for the projection (VIP) is represented on the *y*‐axis. The VIP summarizes the importance of each variable in accounting for both the X matrix and the correlation between X and Y. Variables with a VIP value \>1 were considered pertinent for the model. A group of 6 molecules (ornithine on the top left and glycine, kynurenine, spermine, carnosine, and serotonin on the top right) show the largest VIP and coefficient values, which were retained as the most important variables discriminating between RIPC and Control groups. B, The mean concentration values (μmol/L) were significantly higher in the RIPC group, except for ornithine, for which the mean concentration was significantly lower in the RIPC group (\**P*\<0.05). The ratio of the mean concentration values for RIPC and Control groups (RIPC/Control) was larger than 3 for serotonin, while the other molecules exhibited a RIPC‐to‐Control ratio lower than 1.5 (glycine, kynurenine, spermine, and carnosine) or larger than 0.5 (ornithine).](JAH3-5-e003891-g004){#jah31662-fig-0004}

The mean ornithine concentration was 24% lower in the RIPC group compared to the control group (*P*=0.013). The concentrations of the other 5 molecules were significantly increased in the RIPC group compared to the control group (serotonin, *P*=0.042; glycine, *P*=0.013; carnosine, *P*=0.035; kynurenine, *P*=0.021; spermine, *P*=0.027). However, while the mean concentration of serotonin was higher by more than 300%, the other 4 molecules exhibited relative increases of only 50% or less (Figure [4](#jah31662-fig-0004){ref-type="fig"}B).

Amino Acid Chromatography {#jah31662-sec-0015}
-------------------------

On the basis of multivariate analysis results, we performed amino acid chromatography on human samples in order to confirm these exploratory‐phase findings. Plasma samples were extracted prior to and post‐RIPC for all 50 patients, as previously described. All patient clinical characteristics can be found in Table [1](#jah31662-tbl-0001){ref-type="table-wrap"}.

###### 

Characteristics of the Study Population

  Characteristics                   RIPC (n=50)
  --------------------------------- -------------
  Age, y                            75.8±9.5
  Sex (male/female)                 27/23
  Body mass index, kg/m^2^          29.2±6.4
  Diabetes mellitus, n (%)          6 (12)
  Dyslipidemia, n (%)               25 (50)
  Hypertension, n (%)               37 (74)
  Currently smoking, n (%)          4 (8)
  GFR, mL/min per 1.73 m^2^         89.6±23.9
  COPD, n (%)                       5 (10)
  NYHA class                        2.3±0.6
  LV ejection fraction, %           65.7±10.3
  Medication at inclusion           
  Platelet inhibitors, n (%)        8 (16)
  β‐Blockers, n (%)                 14 (28)
  ACE‐inhibitors or ARBs, n (%)     11 (22)
  Statins, n (%)                    19 (38)
  Diuretics, n (%)                  21 (42)
  Calcium channel blockers, n (%)   9 (18)
  Insulin, n (%)                    0

Data are presented as mean±SD or n (%). ACE indicates angiotensin‐converting enzyme; ARBs, angiotensin‐II‐receptor blockers; COPD, chronic obstructive pulmonary disease; GFR, estimated glomerular filtration rate; LV, left ventricular; NYHA, New York Heart Association; RIPC, remote ischemic preconditioning.

We successfully quantified 33 metabolites (19 amino acids and 14 amino acid--derived molecules) in the patient plasma samples. The metabolites that exhibited significant alterations in concentration following RIPC are reported in Table [2](#jah31662-tbl-0002){ref-type="table-wrap"}. Among these molecules, we confirmed the results found in rats, with increased kynurenine (*P*\<0.01) and glycine (*P*\<0.08) concentrations and decreased ornithine (*P*\<0.01) concentrations observed following RIPC. In addition, tryptophan concentrations were found to be diminished (*P*\<0.01) following RIPC in the human plasma.

###### 

Amino Acid Chromatography of Human Plasma

  Molecules                                                       Relative Change (%)
  --------------------------------------------------------------- ---------------------
  Concentration increased after RIPC                              
  3‐Methylhistidine[\*\*\*](#jah31662-note-0005){ref-type="fn"}   7.8
  Cystine[\*\*\*](#jah31662-note-0005){ref-type="fn"}             6.0
  Kynurenine[\*\*\*](#jah31662-note-0005){ref-type="fn"}          5.9
  Arginine[\*\*\*](#jah31662-note-0005){ref-type="fn"}            5.3
  Serine[\*\*\*](#jah31662-note-0005){ref-type="fn"}              3.1
  AABU[\*\*\*](#jah31662-note-0005){ref-type="fn"}                2.5
  1‐Methylhistidine[\*\*](#jah31662-note-0005){ref-type="fn"}     8.4
  Glutamate[\*](#jah31662-note-0005){ref-type="fn"}               5.2
  Glycine[\*](#jah31662-note-0005){ref-type="fn"}                 2.3
  Concentration decreased after RIPC                              
  Aspartate[\*\*\*](#jah31662-note-0005){ref-type="fn"}           −9.2
  Ornithine[\*\*\*](#jah31662-note-0005){ref-type="fn"}           −4.7
  Tyrosine[\*\*\*](#jah31662-note-0005){ref-type="fn"}            −3.7
  Phenylalanine[\*\*\*](#jah31662-note-0005){ref-type="fn"}       −3.4
  Tryptophan[\*\*\*](#jah31662-note-0005){ref-type="fn"}          −3.4
  Citrulline[\*\*\*](#jah31662-note-0005){ref-type="fn"}          −3.2
  Isoleucine[\*\*](#jah31662-note-0005){ref-type="fn"}            −1.9
  Sarcosine[\*](#jah31662-note-0005){ref-type="fn"}               −25.8
  Valine[\*](#jah31662-note-0005){ref-type="fn"}                  −1.2

AABU indicates α‐aminobutyric acid.

Only metabolite concentrations that varied significantly after remote ischemic preconditioning (RIPC), according to Student *t* test for paired samples, are displayed. The relative changes (in %) were calculated as 100×(Concentration after RIPC−Concentration before RIPC)/Concentration before RIPC (\*\*\**P*\<0.01, \*\**P*\<0.05, \**P*\<0.08).

Arginine is hydrolyzed to [l]{.smallcaps}‐ornithine under the effects of arginase, a key reaction of the urea cycle. Arginine concentration was significantly increased (*P*\<0.01) and [l]{.smallcaps}‐ornithine significantly decreased (*P\<*0.01) in the human samples following RIPC. Accordingly, the arginine‐to‐ornithine ratio, an indicator of arginase activity, was increased by 8.9% following RIPC in humans (*P*\<0.001). Interestingly, the concentration of citrulline, an amino acid derived from ornithine in the urea cycle, was also found to be diminished following preconditioning (*P*\<0.01) (Table [2](#jah31662-tbl-0002){ref-type="table-wrap"}).

Cardioprotective Effects of Glycine and Kynurenine {#jah31662-sec-0016}
--------------------------------------------------

On the basis of the results demonstrating kynurenine and glycine increase following RIPC in both rat and human plasma, we tested the cardioprotective effects of an intraperitoneal injection of glycine (500 mg/kg body weight) and kynurenine (300 mg/kg body weight) alone (Gly+MI and Kyn+MI, respectively) or in combination (Metabolites+MI) prior to myocardial ischemia in the rat MI model. The doses and routes of administration were chosen according to the literature.[24](#jah31662-bib-0024){ref-type="ref"}, [25](#jah31662-bib-0025){ref-type="ref"}, [26](#jah31662-bib-0026){ref-type="ref"}

While the AAR was not significantly different between all groups, infarct size area was significantly smaller in the Metabolites+MI group compared to Vehicle+MI group (27.1±4.5% of AAR versus 41.8±3.3%, respectively; *P*=0.003) (Figure [5](#jah31662-fig-0005){ref-type="fig"}). Similarly, infarct size was significantly smaller after kynurenine or glycine injection alone (Kyn+MI=27.7±2.5% and Gly+MI=32.2±2.2% of AAR, *P*=0.004 and 0.045, respectively versus Vehicle+MI group).

![Cardioprotective effects of glycine (GLY) and kynurenine (KYN) in rats. Bar graph showing infarct size expressed as area of necrosis percentage of area at risk. Results are given as mean± SEM; \**P*\<0.05 vs Vehicle+MI group. MI indicates myocardial ischemia.](JAH3-5-e003891-g005){#jah31662-fig-0005}

Discussion {#jah31662-sec-0017}
==========

Despite evidence indicating that humoral mediators transported through the circulation play a critical role in the RIPC‐induced protective mechanism, their actual identities remain unknown. We have hereby reported a metabolomic signature of RIPC involving a cocktail of amino acids and biogenic amines. In our analyses, we found that ornithine concentrations were diminished while glycine, kynurenine, spermine, carnosine, and serotonin concentrations were increased in rat plasma following RIPC. These results were partially confirmed in human plasma, with diminished ornithine and increased kynurenine and glycine plasma concentrations following RIPC. Interestingly, glycine and kynurenine injected prior to MI in the rat MI model replicated the protective effect of RIPC.

Glycine is a protein‐forming amino acid serving as a substrate in the synthesis of a variety of compounds from different pathways, such as serine, methylenetetrahydrofolate, purines, and glutathione, among others. Glycine has exhibited cardioprotective properties following myocardial I/R injury. Ruiz‐Meana et al[27](#jah31662-bib-0027){ref-type="ref"} described an enhanced vulnerability of cultured cardiomyocytes to necrotic cell death as a result of glycine depletion during simulated ischemia. Adding glycine to the culture during re‐energization even prevented cell death altogether. By using an in vivo MI model, Zhong et al[24](#jah31662-bib-0024){ref-type="ref"} observed a significant reduction in infarct size following I/R in rats pretreated with a single dose of glycine. Plasma creatine‐kinase levels were significantly lower, while ventricular ejection fraction and fractional shortening were significantly higher in the glycine‐pretreated group.

Carnosine is a dipeptide formed from β‐alanine and [l]{.smallcaps}‐histidine by carnosine synthase and catabolized back to its precursors by carnosinase.[28](#jah31662-bib-0028){ref-type="ref"}, [29](#jah31662-bib-0029){ref-type="ref"} Carnosine, like other histidine‐containing dipeptides, has well‐known antioxidant properties via metal ion chelation, scavenging reactive oxygen species, and peroxyl radicals.[29](#jah31662-bib-0029){ref-type="ref"}, [30](#jah31662-bib-0030){ref-type="ref"} Baba et al[31](#jah31662-bib-0031){ref-type="ref"} reported a significant reduction in infarct size in mice overexpressing local carnosine synthase compared to their wild‐type littermates, suggesting that treatment with carnosine may constitute a potential therapy for decreasing myocardial I/R injury. We found increased carnosine concentration following RIPC in rat samples, though we failed to confirm this finding in human plasma. Under physiological conditions, high human serum carnosinase activity in fact renders circulating carnosine undetectable.[29](#jah31662-bib-0029){ref-type="ref"} However, we were able to measure carnosine in rat plasma since plasma of nonprimate mammals lacks carnosinase activity.

As concerns the kynurenine pathway, indoleamine 2,3‐dioxygenase catalyzes the oxidation of tryptophan to formylkynurenine, which is the first and key reaction of this pathway.[32](#jah31662-bib-0032){ref-type="ref"} Indoleamine 2,3‐dioxygenase is present in numerous cells and tissues, including the endothelial layer of microvessels present throughout the myocardium.[33](#jah31662-bib-0033){ref-type="ref"} Indoleamine 2,3‐dioxygenase expression is principally upregulated by interferon γ, and kynurenine pathway activation in response to inflammatory stimuli can be detected based on an increased kynurenine‐to‐tryptophan ratio.[32](#jah31662-bib-0032){ref-type="ref"} Wang et al[34](#jah31662-bib-0034){ref-type="ref"} have demonstrated that both tryptophan and kynurenine were found to dilate preconstricted porcine coronary arteries in a dose‐dependent manner. The vasodilation induced by tryptophan was found to require the contribution of indoleamine 2,3‐dioxygenase, along with an intact endothelium, while kynurenine was able to dilate coronary vessels independently of the endothelium. These findings suggest that kynurenine itself is the vasoactive metabolite of tryptophan, which could play a role in RIPC‐associated cardioprotective effects. Recently, Olenchock et al[21](#jah31662-bib-0021){ref-type="ref"} reported that cardioprotection against I/R injury could be induced remotely by skeletal muscle inhibition of the oxygen sensor EGLN1. They showed that EGLN1 loss causes accumulation of circulating α‐ketoglutarate, which stimulates hepatic production and secretion of kynurenic acid that is necessary and sufficient to mediate RIPC‐induced protection.

Serotonin (5‐HT), another tryptophan‐derived molecule, plays a dual role in myocardial ischemia. It is well known that serotonin participates in vascular spasm and platelet aggregation during MI via 5‐HT2A receptors.[35](#jah31662-bib-0035){ref-type="ref"} However, the beneficial effects of serotonin have also been observed by Takano et al[36](#jah31662-bib-0036){ref-type="ref"} in an animal model of myocardial I/R injury. In isolated rat hearts, serotonin (0.3--1 μmol/L) increased coronary blood flow and cardiac mechanical performances. These hemodynamic changes were accompanied by an increase in NO levels in the coronary effluent and were eradicated by an inhibitor of NO synthase. The authors hypothesized that serotonin released by mast cells and sympathetic nerve endings could be responsible for deleterious effects resulting from 5‐HT2A receptor activation during myocardial ischemia, whereas extracardiac serotonin, on the contrary, could elicit protective vasodilatation in the I/R injury context. Naumenko et al[37](#jah31662-bib-0037){ref-type="ref"} reported peak serotonin levels in the myocardial interstitium immediately after preconditioning in a rat model. Serotonin interstitial concentrations increased during ischemia and reperfusion in both preconditioned and control rats, with a more pronounced increase observed in the control group. Because of the specifically preanalytical protocol, we were not able to measure serotonin levels in human plasma. Most patients participating in this study likely suffered from endothelial dysfunction in association with degenerative aortic valve disease.[38](#jah31662-bib-0038){ref-type="ref"} The protective effects of serotonin might have been annihilated in this pro‐inflammatory setting with decreased NO bioavailability and increased tumor necrosis factor‐α concentrations.[39](#jah31662-bib-0039){ref-type="ref"} Still, as is the case for kynurenine, the role of this tryptophan‐derived molecule in the cardioprotective effects of RIPC is as yet unclear and will require further investigation.

[l]{.smallcaps}‐ornithine and spermine are closely related to the polyamine pathway and urea cycle. Under the action of arginase, arginine is hydrolyzed to [l]{.smallcaps}‐ornithine, which participates in the synthesis of polyamine or, alternatively, can be combined in the liver to carbamoyl phosphate to form citrulline in the urea cycle. Interestingly, diminished citrulline and aspartate concentrations combined with increased arginine concentration in the human cohort (Table [2](#jah31662-tbl-0002){ref-type="table-wrap"}) suggest a modification of the so‐called citrulline--NO cycle induced by RIPC with an increased activity of argininosuccinate synthetase 1. Argininosuccinate synthetase 1 catalyzes the ATP‐dependent condensation reaction between citrulline and aspartate, generating argininosuccinate, which is used in the subsequent reaction catalyzed by argininosuccinate lyase to form arginine.[40](#jah31662-bib-0040){ref-type="ref"} The arginine produced in this way can be directed to the synthesis of NO, a molecule involved in the cardioprotection conferred by RIPC.[41](#jah31662-bib-0041){ref-type="ref"} In both rats and humans, the arginine‐to‐ornithine ratio, an indicator of arginase activity, was increased following RIPC, suggesting a decrease in the activity of this enzyme. [l]{.smallcaps}‐Ornithine concentration decrease could be a result of both an inhibition of arginase activity combined with an increased activity of ornithine decarboxylase in the polyamine pathway. [l]{.smallcaps}‐Ornithine is decarboxylated by ornithine decarboxylase to form putrescine, the precursor of the "higher" polyamines spermidine and spermine.[42](#jah31662-bib-0042){ref-type="ref"}, [43](#jah31662-bib-0043){ref-type="ref"} Spermine concentration was increased in the rat plasma samples after RIPC, and there is evidence that polyamines, particularly spermine, play beneficial roles in calcium homeostasis in I/R injury settings, scavenging free radicals and reducing lipid peroxidation.[44](#jah31662-bib-0044){ref-type="ref"}, [45](#jah31662-bib-0045){ref-type="ref"} It has been shown that both MI and I/R injury elicit the polyamine stress response characterized by increased ornithine decarboxylase and spermidine/spermine *N*‐acetyltransferase activities, which lead to a depletion in spermine and spermidine.[46](#jah31662-bib-0046){ref-type="ref"}, [47](#jah31662-bib-0047){ref-type="ref"}, [48](#jah31662-bib-0048){ref-type="ref"} Supplying exogenous spermine prior to I/R injury has been found to restore intracellular polyamine pools and confer cardioprotective effects.[48](#jah31662-bib-0048){ref-type="ref"} These results underline a potential implication of the polyamine pathway in RIPC.

Limits {#jah31662-sec-0018}
------

It should be noted that RIPC did not exhibit significant cardiac (72 hours troponin and creatine kinase‐MB area under curve) or kidney (incidence of acute kidney injury) protective effects in the patients undergoing blood sampling.[49](#jah31662-bib-0049){ref-type="ref"} These findings may be accounted for by different factors, such as the use of concomitant drugs including statins and propofol anesthesia,[50](#jah31662-bib-0050){ref-type="ref"} increased age,[51](#jah31662-bib-0051){ref-type="ref"} sex,[52](#jah31662-bib-0052){ref-type="ref"} and comorbidities frequently associated with patients requiring cardiac surgery such as LV hypertrophy, hypertension, and diabetes.[53](#jah31662-bib-0053){ref-type="ref"}, [54](#jah31662-bib-0054){ref-type="ref"} In the patients undergoing blood sampling, all received propofol anesthesia. Although all these factors may impair cardioprotection through altered survival signaling pathways,[1](#jah31662-bib-0001){ref-type="ref"} regulation of circulating mediators involved in RIPC may not be affected, but rather these factors may not be effective in these specific clinical conditions.

Different protocols were used in rats and humans, yet not with exactly the same goals. In the first setting, we applied a widely targeted approach using the Biocrates p180 kit. We thereby considered that animal experiences were made in a controlled framework, therefore being less subject to interindividual variations. These conditions were considered as the most accurate for a first screening approach by targeted metabolomics. We then used the human study with patients receiving RIPC to confirm the variations in metabolite concentrations observed in rats. The fact that kynurenine and glycine concentrations were found to be elevated in both species, namely humans and rats, after remote conditioning even when using different protocols and analytical procedures, reinforces our results. However, these methodological‐related differences may be the reason for the detected species‐specific results.

RIPC is a multifactorial phenomenon involving several molecules from the neural and humoral pathways[55](#jah31662-bib-0055){ref-type="ref"}, [56](#jah31662-bib-0056){ref-type="ref"} such as bradykinin,[10](#jah31662-bib-0010){ref-type="ref"} adenosine,[8](#jah31662-bib-0008){ref-type="ref"} opioids,[11](#jah31662-bib-0011){ref-type="ref"} apolipoprotein A‐I,[14](#jah31662-bib-0014){ref-type="ref"}, [15](#jah31662-bib-0015){ref-type="ref"} endocannabinoids,[9](#jah31662-bib-0009){ref-type="ref"} erythropoietin,[12](#jah31662-bib-0012){ref-type="ref"} microvesicles,[13](#jah31662-bib-0013){ref-type="ref"} and microRNA[16](#jah31662-bib-0016){ref-type="ref"} among others. Our study highlights the role of metabolites, especially kynurenine and glycine, as molecules that are potentially involved in the protection conferred by RIPC. However, the protection triggered by RIPC seems much more complex. It is accounted for by the combined effects of numerous factors acting in an additive or even synergistic manner. Accordingly, our metabolomic approach did not cover the entire set of compounds participating with RIPC, nor the whole set of metabolites, given that we conducted a targeted approach, with other essential metabolites probably not included. Furthermore, we tested the cardioprotective effects of intraperitoneal injections of glycine (0.5 mg/g body weight) and kynurenine (0.3 mg/g body weight), at high dose levels already proven to be neuro‐ or cardioprotective in the scientific literature.[24](#jah31662-bib-0024){ref-type="ref"}, [25](#jah31662-bib-0025){ref-type="ref"}, [26](#jah31662-bib-0026){ref-type="ref"} Because of the use of these high dose levels, the potential implication of these metabolites in RIPC should be considered with caution.

Certain biogenic amines such as serotonin, spermine, and carnosine were not measured in the human plasma samples. We used an already‐existing cohort of human plasma samples, and the particular preanalytical protocols needed for dosing serotonin and spermine were not applied when the samples were taken. Serotonin dosage, for example, requires a particular centrifugation protocol in order to obtain a platelet‐rich plasma, while spermine is measured in red blood cell samples as these are the primary source of spermine and most analytical techniques are not sensitive enough to quantify spermine in the plasma.

Conclusions {#jah31662-sec-0019}
===========

RIPC was associated with a plasmatic decrease in ornithine and increase in kynurenine and glycine concentrations in both rat and human samples. Further studies are needed to elucidate the complex protective mechanisms of RIPC involving numerous mediators.
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